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APPARATUS AND METHOD FOR RAPIDLY 



INCREASING POWER OUTPUT FROM A DIRECT 



OXIDATION FUEL CELL 



BACKGROUND OF THE INVENTION 



Field of the Invention 

The present invention relates generally to the field of fuel cells and, more specifi- 
cally, to an arrangement for rapidly increasing power output from a direct oxidation fuel 
cell through the introduction of neat or concentrated fuel to the cell's anode flow field 
channel, anode diffusion layer or protonically-conductive membrane. 

Background Information 

Fuel cells are devices in which an electrochemical reaction is used to generate 
electricity. A variety of materials may be suited for use as a fuel depending upon the 
materials chosen for the components of the cell. Organic materials, such as methanol or 
natural gas, are attractive choices for fuel due to the their high specific energy. 

Fuel systems may be divided into "reformer-based" (i.e., those in which the fuel is 
processed in some fashion before it is introduced into the cell) or "direct oxidation" in 
which the fuel is fed directly into the cell without internal processing. Most currently 
available fuel cells are of the reformer-based type, but fuel-processing requirements for 
such cells limits the applicability of those cells to relatively large systems. 

Direct oxidation fuel cell systems may be better suited for a number of applica- 
tions such as smaller mobile devices (i.e., mobile phones, handheld and laptop comput- 
ers), as well as in larger applications. One example of a direct oxidation system is the 
direct methanol fuel cell system or DMFC. In a DMFC, the electrochemical reaction at 
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the anode is a conversion of methanol and water to CO2, H* and e" . More specifically, a 
liquid carbonaceous fuel solution (typically an aqueous methanol solution) is applied to a 
protonically-conductive (but electronically non-conductive) membrane (PCM) directly 
using a catalyst on the membrane surface to enable direct oxidation of the hydrocarbon 
5 on the anode. The hydrogen protons are separated from the electrons and the protons 
pass through the PCM, which is impermeable to the electrons. The electrons thus seek a 
different path to reunite with the protons and travel through a load, providing electrical 
power. 

The reactions that generate electrical power occur nearly instantaneously when 

10 fuel is applied to the PCM, as long as the load draws electricity from the fuel cell. How- 
ever, presently available PCMs are permeable to methanol, allowing methanol to pass 
from the anode face of the PCM, to the cathode face of the PCM, where the methanol is 
oxidized upon contact with air without generating electricity. This phenomenon is known 
as "methanol crossover." However, by introducing methanol in an aqueous solution, 

15 methanol crossover is minimized. This water and methanol mixture provides a sufficient 
amount of methanol to provide power to the load under low power demand conditions, 
while the water prevents excess methanol crossover from occurring. However, if power 
demand is high, or increases rapidly, there may be insufficient methanol in the aqueous 
methanol solution to provide sufficient power to the load in an acceptable time period. 

20 The carbon dioxide, which is essentially a waste product, is separated from the 

remaining methanol fuel mixture before such fuel is re-circulated. In an alternative usage 
of the carbon dioxide this gas can be used to passively pump liquid methanol into the 
feed fuel cell. This is disclosed in United States Patent Application Serial No. 
09/717,754, filed on December 8, 2000, for a PASSIVELY PUMPED LIQUID FEED 

25 FUEL CELL SYSTEM, which is commonly owned by the assignee of the present inven- 
tion, and which is incorporated by reference herein in its entirety. 

Substantial research has been dedicated to development of DMFC systems for use 
in portable electronics in recent years. However, present DMFC system designs are not 
able to meet the power demand profiles required for portable electronics while satisfying 

30 the desired form factors. In other words, the electrical power demand of current genera- 
tion portable electronic devices (as well as the power needs of future portable electronics) 
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may change very quickly, depending on their operating state, whereas present DMFC de- 
signs are not able to increase or decrease their power output rapidly, due to the fact that 
sufficient fuel is not available from the dilute fuel mixture. While it is possible to in- 
crease or decrease the concentration of methanol in the fuel mixture within the pump (or 

5 other mixing apparatus) being applied to the membrane electrode assembly (MEA) of a 
DMFC in response to power demands, there is an unacceptable delay between the time 
that power is demanded and the response of the DMFC. The delay is primarily attribut- 
able to the time that it takes to add more concentrated fuel from a fuel source to the fuel 
mixture, the time that it takes for the more concentrated fuel to be disseminated into the 

10 fuel mixture within the pump, and the time required to transport additional fuel through 
the system and to the PCM through the diffusion layer. 

It is common practice to increase the voltage level of a DMFC system by con- 
necting several fuel cells together as a series electrical circuit. One method of creating 
such an electrical connection is to fabricate a "stack" of DMFCs whereby a bipolar plate 

is is placed in physical contact with the cathode flow field plate of a first cell and the anode 
flow field plate of a second cell. By doing so, the voltage output of the DMFC system is 
in creased arithmetically, thus providing increased power output to meet the demands of a 
power application. 

In order to provide a more rapid response time, some current designs envision 
20 electrically coupling the DMFC with a capacitor or battery to meet the instantaneous 
power demands of a given application. However, such an approach requires additional 
components and connection, making control of the system more complicated, and pres- 
ents increased difficulty in manufacturing on a commercial scale. In addition, each of 
these components has performance shortcomings based on the limitations of the tech- 
25 nologies including, but not limited to recharge time and life cycle of each. 

SUMMARY OF THE INVENTION 

In brief summary, the present invention provides a direct oxidation fuel cell sys- 
tem in which the output power level may be increased rapidly to meet the power demands 
of a desired application, including typical portable electronic devices. In accordance with 
30 a preferred embodiment of the invention, an alternative fuel flow path is provided be- 
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tween a fuel source and an anode flow field plate. By actuating one or more valves, neat 
or concentrated fuel may be introduced into the flow field channels from which it diffuses 
through the diffusion layer and is introduced to the PCM. Because the alternative fuel 
flow path effectively bypasses the normal fuel flow path, the time delay until power out- 
5 put increases is greatly reduced. 

In accordance with a second embodiment of the invention, an alternative fuel flow 
path is provided between a fuel source and the anode diffusion layer of the fuel cell. 
Again, by actuating one or more valves, neat or concentrated fuel may be introduced into 
the diffusion layer, decreasing the time delay between the demand for power and the in- 
10 creased generation of power. The time delay may be further shortened by delivering the 
concentrated fuel to the diffusion layer via a pump or pressurized vessel, thus providing a 
greater diffusion rate within the diffusion layer. 

In accordance with a third embodiment of the invention, an alternative fuel flow 
path is provided from the fuel source to the PCM. Because the alternative fuel flow path 
is effectively bypasses the normal fuel flow path and anode diffusion layer, the time delay 
until power output increases is greatly reduced. 

The present invention may minimize or eliminate the need for batteries or ca- 
pacitors, thereby simplifying the overall system structure, improving manufacturability, 
and reducing cost, volume and weight. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The invention description below refers to the accompanying drawings, of which: 
Fig. 1 is a block diagram of a direct methanol fuel cell system known in the prior 

art; 

Fig. 2 is a block diagram of a portion of the internal construction of the direct 
25 methanol fuel cell shown in Fig. 1 ; 

Fig. 3 is a block diagram of a direct methanol fuel cell system constructed in ac- 
cordance with a preferred embodiment of the present invention; 

Fig. 4 is a greatly enlarged schematic cross-section of a portion of the internal 
construction of the direct methanol fuel cell shown in Fig. 3; 
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Fig. 5 is a block diagram of a direct methanol fuel cell system constructed in ac- 
cordance with an alternative embodiment of the present invention; 

Fig. 6 is a greatly enlarged schematic cross-section of a portion of the internal 
construction of the direct methanol fuel cell shown in Fig. 5; 
5 Fig. 7 is a block diagram of a direct methanol fuel cell system constructed in ac- 

cordance with a preferred embodiment of the present invention; 

Fig. 8 is a greatly enlarged, schematic, cross-section of a portion of the internal 
construction of the direct methanol fuel cell shown in Fig. 7; 

Fig. 9A is a plan view of the anode diffusion layer shown in Fig. 8; 
io Fig. 9B is an enlarged view of one of the apertures in the anode diffusion layer 

shown in Fig. 9A; and 

Fig. 10 is a schematic diagram of a fuel cell stack with which one or more of the 
foregoing embodiments of the invention may be used. 

DETAILED DESCRIPTION OF AN ILLUSTRATIVE 
is EMBODIMENT 

For purposes of illustration, we herein describe an illustrative embodiment of the 
invention as it is employed in connection with a DMFC system, with the fuel substance 
being methanol or an aqueous methanol solution. It should be understood, however, that 
it is within the scope of the present invention that the invention described herein can be 
20 readily used for other fuels in direct oxidation fuel cells. Thus, as used herein, the word 
"fuel" shall include methanol, ethanol, propane, butane or combinations thereof, and 
aqueous solutions thereof and other carbonaceous fuels amenable to use in a direct oxi- 
dation fuel cell system. 

Fig. 1 shows a direct methanol fuel cell system 2. For a better understanding of 
25 the present invention, the system 2 will be briefly described. The system 2 contains a di- 
rect methanol fuel cell (DMFC) 3 and a fuel source 4. 

Methanol or a solution of methanol and water is introduced, via a pump (or other 
apparatus) 6, to the anode side (A) of DMFC 3. Alternatively, fuel may be drawn from 
source 4 and used to fill a reservoir (not shown) from which pump 6 may draw. Oxidiz- 
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ing agent, preferably ambient air is introduced into the cathode side (C) of DMFC 3. An 
electrical load 11 is connected between the anode and cathode of DMFC 3. 

Pump 6 is coupled to DMFC 3, a first gas separator 8 and a second gas separator 
18. Gas separator 8 receives effluent from the anode of DMFC 3 and separates it into 
5 liquid (i.e., unreacted methanol or methanol and water) and gas (i.e., carbon dioxide) 
components. The liquid component is supplied to pump 6 for recirculation to DMFC 3. 
The gas component may be vented, as shown, or may be used to drive pump 6 in accor- 
dance with the teachings of commonly-owned U.S. patent application Serial No. 
09/717,754. 

10 Gas separator 10 receives effluent from the cathode of DMFC 3 and separates it 

into a gas component (CO2 or air) and a liquid component (water). The liquid component 
is fed back to pump 6 for recirculation to DMFC 3, or is removed or evaporated into the 
ambient environment. 



15 conductive membrane (PCM) 12 is disposed between two diffusion layers 14a, 14b. An 
anode flow field plate 16a is adjacent to diffusion layer 14a. A cathode flow field plate 
16b is adjacent to diffusion layer 14b. Flow field plates 16a, 16b provide one or more 
channels 17a, 17b, respectively, through which reactants and byproducts may flow to or 
from the associated diffusion layers. Channels 17a, 17b are often constructed as long, 

20 serpentine paths which work to disperse the fuel mixture slowly and evenly over diffu- 
sion layer 14a. It should be understood that the structures in Fig. 2 are normally pressed 
together in close contact when assembled. 

PCM 12 is preferably constructed from a commercially available material, such as 
those sold by E.I. DuPont de Nemours and Company under the trademark Nafion®, 

25 which has been coated with a catalyst such as platinum or platinum and ruthenium. Dif- 
fusion layers 14a, 14b are preferably constructed from carbon impregnated paper or cloth, 
each of which is commercially available from the ETEK division of De Nora, but may be 
fabricated from a variety of other materials. Flow field plates 16a, 16b are used to con- 
trol the reactants as they are distributed to the PCM, and may be constructed using con- 

30 ventional manufacturing techniques, MEMS, thin film or other fabrication methods 
known to those skilled in the art. 



Fig. 2 shows a portion of the internal construction of DMFC 3. A protonically 
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In order for fuel to reach PCM 12 where it may be oxidized, the fuel must travel 
from fuel source 4, through pump 6 (or possibly a reservoir), anode flow field plate 16a 
and diffusion layer 14a. Consequently, when DMFC 3 experiences a rapid increase in 
demand for power, an unacceptable occurs before sufficient fuel reaches PCM 12 and 
5 oxidizes and power output increases. 

Figs. 3 and 4 show a direct methanol fuel cell system 18 constructed in accor- 
dance with a preferred embodiment of the present invention. For purposes of improved 
clarity, like components which were introduced earlier are denoted by the same reference 
numbers previously used. In system 22, a DMFC 20 is connected such that it may re- 
10 ceive fuel via pump 6 as well as directly from fuel source 4 via a conduit 22. More spe- 
cifically, conduit 22 is connected to supply neat or concentrated fuel directly to anode 
flow field plate 26 within DMFC 20. A controller 24 is coupled to anode flow field plate 
26 and load 11. 

If desired or necessary to meet the requirements of a particular application, fuel 
is source 4 may be implemented using a pressurized vessel or may incorporate a pump to 
generate sufficient pressure to deliver fuel through conduit 22. 

As shown in Fig. 4, conduit 22 may divide into a series of branches 32a-32c, each 
branch having an associated valve 28a-28c, respectively. It will be understood by those 
skilled in the art that the number of conduits or branches per conduit may be varied to 

20 meet the requirements of a particular application. Anode flow field plate 26 is provided 
with a plurality of apertures 34a-34d which extend through that plate into a flow field 
channel 35. Thus, neat or concentrated fuel which flows out of valves 28a-28c effec- 
tively bypasses pump 6, fuel mixture conduit 36, anode flow field plate 26, and enters 
flow field channel 35... By doing so, the concentration of fuel in the aqueous in the flow 

25 field channel 35 increases, thus introducing a fuel mixture that will increase the electric- 
ity generated more quickly. 

Conduit 22, valves 28a-28c and branches 32a-32c are preferably constructed us- 
ing MEMS techniques or other well known conventional techniques. Apertures 34a-34d 
are preferably formed by punching, drilling or otherwise perforating anode flow field 
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plate 26. Controller 24 may be implemented in any of a variety of ways including an ap- 
propriately programmed microprocessor or microcontroller, or other suitable circuitry. 

With continuing reference to Figs. 3 and 4, the overall operation of system 18 will 
be described. Controller 24 senses the power demanded by load 11. During periods 

5 when the demand for power is not rapidly increasing, dilute fuel mixture is supplied to 
DMFC 1 8 by pump 6 only through conduit 36. As discussed above, such fuel may be an 
aqueous solution produced by the pump's mixing of neat or concentrated fuel from fuel 
source 4 with water received from gas separator 10. Conversely, when a rapid increase in 
power demand is sensed by controller 24, the controller opens one or more of valves 32a- 

10 32c, thereby allowing neat or concentrated fuel to bypass pump 6, anode flow field plate 
26. As a result, an increased volume of neat or concentrated fuel reaches diffusion layer 
1 4a almost immediately, the amount of fuel within the diffusion layer is increased pro- 
viding additional fuel for the necessary reactions, and increased methanol is delivered to 
the PCM, accordingly the output power level of DMFC 18 begins to rise as additional 

15 fuel is consumed. 

Figs. 5 and 6 show an alternative embodiment of the present invention in which a 
direct methanol fuel cell system 40, similar in architecture to system 1 8 (Fig. 3), includes 
a DMFC 38. However, in this embodiment, branches 32a-32d extend beyond valves 28a- 
28d, respectively, through the thickness of anode flow field plate 42 and into diffusion 

20 layer 14a. Thus, during periods of rapidly increasing power demand, controller 24 may 
actuate one or more of valves 28a-28d, thereby allowing neat or concentrated fuel to by- 
pass both pump 6 and anode flow field plate 42. The concentrated fuel mixture passes 
through that portion of the the anode diffusion layer 14a between the terminal portion of 
the branch, diffuses through a portion of diffusion layer, and reaches the PCM. Ceteris 

25 paribus, there is a direct correlation between the distance of the diffusion layer through 
which the neat or concentrated fuel must pass, and the time that it takes for the fuel to 
reach the PCM, and therefore the time for the DMFC system to respond to an increase in 
the demand for power. As such, by introducing the neat or concentrated fuel into the dif- 
fusion layer, the response time is decreased. 
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Figs. 7, 8 and 9A-9B show a second alternative embodiment of the present inven- 
tion in which a direct methanol fuel cell system 44, similar in architecture to system 1 8 
(Fig. 3), includes a DMFC 46. However, in this embodiment, branches 32a-32d extend 
beyond valves 28a-28d, respectively, through anode flow field plate 48 and diffusion 
5 layer 50. During periods of rapidly increasing power demand, controller 24 may actuate 
one or more of valves 28a-28d, thereby allowing neat or concentrated fuel to bypass 
pump 6, anode flow field plate 48, and diffusion layer 50, and be applied directly to PCM 
12. 

Fig. 9A shows a plan view of anode diffusion layer 50 in which a plurality of ap- 
10 ertures 52a-52g are disposed. It will be understood by those skilled in the art that the 
number of apertures, the size of the apertures and their locations may be varied to meet 
the needs of a particular application. Also, as shown in Fig. 9B, one or more of the ap- 
ertures may contain a lining or seal 54. Seal 54 is preferably constructed of a chemically 
nonreactive material including, but not limited to any number of polymers or plastics, 
15 which prevent lateral migration of the concentrated fuel into anode diffusion layer 50, 
thus delivering a higher volume of fuel to PCM 12 without delays related to the lateral 
diffusion within the diffusion layer. In order to encourage the conduction of electrons 
across those areas where PCM 12, is not in contact with anode diffusion layer, it may be 
necessary to place an electronically conductive mesh 56 or other electronically conduc- 
20 tive assembly to provide a path by which electrons may move towards load due to the 
electrical potential difference. 

Fig. 10 schematically illustrates a fuel cell "stack" 58 in which three fuel cells 60, 
62 and 64 have been connected in series by way of two bipolar plates 66 and 68. Such a 
stack, or a similar stack having a different number of fuel cells or possibly a combination 
25 of different fuel cells, may be used to generate a higher potential than is possible with a 
single fuel cell and may thus be substituted for any of DMFCs 20, 38 or 46 described 
above. Specifically, it is any of the embodiments of the invention may be incorporated 
into one or more of the fuel cells (60, 62, 64) within stack 58 described above. 

It will be understood by those skilled in the art that two or more of the foregoing 
30 embodiments could be combined in a single system. That is, conduit 22, valves 28a-28d 
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and branches 32a-32d could be arranged such that controller 24 may direct neat or con- 
centrated fuel to any combination of the anode flow field plate, the diffusion layer and 
PCM. 

What is claimed is: 
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